The aim of this work is to characterize the ferrous sulfate-benzoic acid-xylenol orange (FBX) aqueous chemical dosimeter developed at our laboratory, prepared using ultra pure water, by measuring the absorption spectrum, dose response curve, precision and accuracy, energy and dose rate dependency and stability of response. The FBX readings were evaluated by using an accurate spectrophotometer. Experimental data were obtained using various nominal energies 6 MV, 18 MV, 12 MeV, and 15 MeV, including the 60 Co γ-rays beam. The calibration of the dosimeters was performed using the ionization chamber as a reference dosimeter. The results show that the FBX dosimeter has a good precision of about 0.2%, no significant energy, dose rate dependence and a linear dose-response relationship in the 1-5 Gy range.
Introduction
High energy photon and electron beams are widely used in radiation therapy. The quantity of interest is the absorbed dose determined in a water phantom. Accurate determination of absorbed radiation energy is important for applications of ionising radiation in medicine. The FBX aqueous chemical dosimetry system that was developed for low level dose measurements by Gupta and co-workers [1] [2] [3] has found many applications in radiotherapy owing to its improved sensitivity at low doses as compared to Fricke system. It has been found useful for depth dose measurements, output calibration [4] quality assurance in external beam therapy [5] , brachytherapy source calibration [6] , in vivo dose measurements [7] , and for measurement of virtual wedge profiles [8] . In this system absorbed doses are measured in terms of the oxidation yield of ferric ions produced by irradiation. The ferric ions form a color complex with xylenol orange which is measured spectrophotometrically at 548 nm.
Additional FBX dosimetric properties obtained with high energy photon and electron beams using a reading instrument of high performance are presented in this work. A basic dosimeter response curve was plotted for 60 Co γ-rays and then a comparison was made with high energy x-rays and electron. A precision and accuracy obtained are also reported. The measurements were carried out in the secondary standard dosimetry laboratory at NRCA Algiers.
Materials and Methods

Preparation of solution
All glassware was thoroughly rinsed with high purity water and dried in an oven. The FBX dosimeter solution contained, 0.2 mol/L of ferrous ammonium sulfate (Fe(NH 4 ) 2 (SO 4 ) 2 × 6 H 2 0) (analytical reagent grade from Fluka), 5 mol/L of benzoic acid (analytical reagent grade from Fluka), and 0.20 mol/L tetra sodium salt of xylenol orange (XO) in 40.0 mol/L concentrated sulphuric acid (H 2 S0 4 ) (analytical reagent grade from Merck). Ferrous ammonium sulphate, benzoic acid and xylenol orange were weighed using a precision and analytical balance model KERN ARS Version 2.0 (Germany). The solution was prepared using ultra pure water (18.2 MΩ cm) provided by a arium® 611 Ultrapure water system (Sartorius, Germany). The solution was freshly prepared, air saturated, stabilized for about an hour and used within 1 day.
Method of irradiation
The proprieties of FBX dosimeter were studied using high energy photon and electron beams of nominal energies 6 MV, 18 MV X-rays and 12 MeV, 15 MeV electrons, including the 60 Co γ-ray. The irradiation units used are the Varian linear accelerators, Clinac 1800C for X-rays, Clinac 2100C for electrons and an Eldorado 78 unit for the 60 Co.
All the beams were calibrated in a water phantom using a PTW UNIDOS 10002 electrometer with 0.6 cm 3 (2175)
Farmer-type ion chamber and Roos 34001 parallel plate chamber of volume 0.35 cm 3 . The Roos ionization chamber is inherently waterproof. The Farmer-type is used with the 1-mm thick PMMA waterproofing sleeve. All measurements were done by strictly adhering to the standards conditions stipulated in the IAEA TRS 398 dosimetry protocol [9] . In photon beams all irradiations were performed in horizontal beam geometry using a cubic water phantom (IAEA standard phantom) of side 30 cm, having a 10 cm × 10 cm insert with a 1 mm thick PMMA window. The depth measurement was 5 g/cm 2 Usually, the irradiation was done after one day from the preparation of FBX solution. The dosimeter ampoules used for irradiation had the following dimensions: inner diameter 10.6 mm, height 31 mm (referred to the top surface of the liquid in the ampoule) and Pyrex wall thickness 0.5 mm. The ampoules were first sealed with the paraffin stopper and then positioned with their geometrical center at the measurement point in the water phantom using a suitable PMMA stand.
Dose, energy and dose rate dependence
As a first step, FBX dosimeters were exposed to a photon beam from a 60 Co-source in order to study the dosimeter responses to the absorbed dose and also to establish the dosimeter calibration. The samples were irradiated at doses ranging from 1 to 30 Gy and, then, analyzed. Eleven dose levels were selected in the range investigated. To evaluate the reproducibility of the dosimeter, at each dose level five FBX dosimeters were irradiated in the same conditions. The energy dependence of FBX dosimeter, was evaluated for a dose of 5 Gy by means of the calibration coefficient N w = D w /∆OD, where D w is the value of absorbed dose in water as measured by ionization chamber, and ∆OD is the difference in optical density between the irradiated and unirradiated FBX solution.
To check the dose rate dependence, the FBX samples were irradiated with absorbed dose of 5 Gy, in different radiation sources, 60 Co gamma radiation, high energy photons and electron beams. The dose rate range was 0.6-5 Gy/min.
Spectrophotometric analysis
The optical density readings of FBX solution were carried out by a Varian Cary 100 UV-VIS double beam spectrophotometer (Varian, Australia). The absorbance readings were made at a wavelength of 548 nm with a spectral bandwidth of 1.5 nm, using quartz micro cells having a path length of 10 mm and an optical window 4 mm wide and 45 mm high.
Results and discussion
The present work refers to the following proprieties of FBX dosimeters exposed to high energy photon and electron beams: precision and accuracy, energy dependence, dose rate dependence and linearity.
Absorption spectrum Figure 1 , illustrates the optical absorption spectra for unirradiated, irradiated FBX dosimeter solution by using 60 Co γ-rays with dose 5 Gy and the spectrum of optical density change. The difference spectrum shows a very broad maximum centered at about 540 nm. However since in the sensitive range of interest spectra lie around 548 nm, this value was considered for further analysis of the experimental data. The molar extinction coefficient , was measured in this study and found to be 14740 ± 50 M -1 cm -1 at 548 nm. The error given represents the standard deviation of the mean of three independent sets of measurements carried out. Table 1 , shows the results of the reproducibility check carried out with FBX solution prepared freshly on one day. The standard deviation of the mean is found to be less than 0.3% for photons and electrons. Not significant differences were observed between the standard deviation according to the dose for the same beam. This observation is identical for all the used beams. For a considered beam, the average of all the standard deviation is equal to 0.3% and characterizes the average reproducibility of the dosimeter for the measure of dose. This result shows that the precision of FBX dosimeters is not significantly dependent on radiation quality. The long term reproducibility of the FBX dosimeter was evaluated using the 60 Co therapy unit over 350 days. Figure 2 shows the relative response of FBX dosimeter normalized to the mean as a function of days elapsed since the first measurement. After correction for source decay assuming the half-life of 60 Co radioactivity to be 1925 days, the FBX dosimeter shows random differences of 0.2% as indicated in Figure 2 . The accuracy of the FBX dosimeter was checked by calculating the difference between the dose delivered and that determined using the linear regression equation applied to the calibration curve Figure 3 . The results obtained are presented in Table 2 .
Precision and Accuracy
Dose response
In relation to the dose-response curve Figure 3 , it was observed a linear behavior in the range 1 Gy -5 Gy, and, probably, a saturation effect after 5 Gy due to chemical changes and reagent consumption. The regression analysis showed that the differential absorbance sensitivity, (slope), was 0.0832 Gy −1 . The correlation coefficient R 2 was 0.9996 which showed an excellent linear fit for the dose range of interest. The linear interval tested is consistent with the results cited in the literature [4, 11] and is adequate for radiotherapy purposes. The radiation chemical yield G(Fe +3 ) value, which is a product of this slope and the molar extinction coefficient, ε, was evaluated and found to be 55.96 (± 0.40) × 10 −7 mol J −1 . The error given is the combined uncertainty (1σ) calculated according to the International Organization for Standardization Guide of uncertainties in Table 3 [10] . The G value obtained in the present investigation is comparable within experimental errors with previously reported value [11, 12] . Dose rate dependence Figure 5 shows the relative response of FBX dosimeter normalized to the mean as a function of dose rate. Little doserate effects less than 1% deviation within experimental error were observed. The data suggest that there is no measurable effect within the dose rate interval studied. This fact agrees well with results reported elsewhere [4] . 
Conclusion
In this work the basic proprieties of the FBX dosimetry system prepared using ultra pure water were investigated. An efficient spectrophotometer for optical density evaluation was used. The dosimeter demonstrated a reproducible linear dose response up to 5 Gy, which is suitable for many therapeutic applications. The linear interval tested is consistent with the results cited in the literature [4, 11] . No significant (less than 1%) dose rate or energy dependence for this dosimeter was observed over the range studied. Previous studies have shown an effect of 2% [15] . The radiation chemical yield G(Fe +3 ) of FBX dosimeter was found to be 55.96 (± 0.40) × 10 −7 mol J −1 , which is consistent with the observations of [11, 12] . The results tabulated in Table 1 showed that reproducibility of the FBX measurements is less than 0.3%. It was found to be better than early data reported elsewhere (more than 1%) [4, 15] . The results showed that long term reproducibility is 0.2%. It was found to be similar with data reported for standard Fricke dosimeter in the literature [16] . The results in this study support the conclusion that the FBX is a good practical clinical dosimeter.
